This study describes a computer-based technique for classifying and identifying bacterial samples using Fouriertransform infrared spectroscopy (FT-IR) patterns. Classification schemes were tested for selected series of bacterial strains and species from a variety of different genera. Dissimilarities between bacterial IR spectra were calculated using modified correlation coefficients. Dissimilarity matrices were used for cluster analysis, which yielded dendrograms broadly equated with conventional taxonomic classification schemes. Analyses were performed with selected strains of the taxa Staphylococcus, Streptococcus, Clostridium, Legionella and Escherichia coli in particular, and with a database containing 139 bacterial reference spectra. The latter covered a wide range of Gram-negative and Gram-positive bacteria. Unknown specimens could be identilied when included in an established cluster analysis. Thirty-six clinical isolates of Staphylococcus aureus and 24 of Streptococcus faecdis were tested and all were assigned to the correct species cluster. It is concluded that: (1) FT-IR patterns can be used to type bacteria; (2) FT-IR provides data which can be treated such that classifications are similar and/or complementary to conventional classification schemes; and (3) FT-IR can be used as an easy and safe method for the rapid identification of clinical isolates.
Introduction
Fourier-transform infrared (FT-IR) spectra of bacteria are fingerprint-like patterns which are highly reproducible and typical for different bacteria (Naumann, 1985; Naumann et al., 1988a Naumann et al., , b, 1990 . They show broad and complex contours rather than distinct peaks (Naumann et al., 1988a) . Essentially, this means that most of the information is 'hidden' beneath the shape of the spectrum. Since intact cells are tested, bacterial IR spectra are the very complex 'images' of the total chemical composition (proteins, membranes, cell wall, nucleic acids, etc.) of the cell. Owing to the multitude of cellular compounds, broad and superimposed absorbance bands are observed throughout the entire spectral range. Some of the bands can be assigned to distinct functional groups or chemical substructures, but we are still a long way from fully understanding the information content of the spectra. However, some spectral ranges are dominated by particular cell components and it is possible to subdivide the spectra into spectral windows which are considered to contain more specific information (Naumann et al., 1990) .
The aim of the present study was to test whether FT-IR can be used to group bacteria into IR spectral types or groups; whether a grouping which corresponds with conventional classifications can be obtained using specific parameterization ; and whether a new spectrum displaying an unknown strain can be reliably identified to a known spectral class.
To classify spectra, a suitable quantitative measure of similarity or dissimilarity must be employed. This can be defined using correlation techniques (Shaps & Sprouse, 1980 ) which consider the shapes or contours of the spectra rather than band numbers, frequencies or intensities. The spectral windows can subsequently be used to obtain the dissimilarity between each possible pair of spectra by calculating the correlation coefficient for a given window.
To demonstrate the potential of the FT-IR technique, we have developed classifications for some groups of bacteria. These examples include (1) the question whether bacteria can be allocated to the correct genus and species, (2) the possibilities of grouping bacteria according to only one single, distinct biological property, 0001-5973 0 1991 SGM and (3) the possibility of detecting subtle differences within a population of very closely related organisms.
Media. The peptone agar contained 1 % (w/v) peptone (Merck), 1.4% (w/v) Lab-lemco powder (Oxoid) and was adjusted to pH 7.3 prior to sterilization at 120 "C for 45 min. Casein peptone/soymeal peptone agar contained 1.5 % (w/v) casein peptone (tryptic), 0-5 % soymeal peptone (papainic), 0.5% NaCl and 1.5% (w/v) agar. The Columbia blood agar contained 3.9% (w/v) Columbia agar base (Oxoid) and 5% (v/v) fresh blood from sheep. The charcoal/yeast extract agar consisted of 1 % (w/v) yeast extract (Difco), 0.2% charcoal (Sigma), 2% (w/v) agar (Difco), 0.04% L-cysteine hydrochloride (Serva), 0.025 % Fe(I1I)pyrophosphate (Lohmann, Emmertal, FRG), 0.1 % 2~xoglutarate ( h hmann) and was adjusted to pH 6.9 prior to sterilization at 121 "C for 15 min.
Recording of the spectra. A small amount of late-exponential-phase cells (approx. 10-6Opg dry weight) was carefully removed with a platinum loop from confluent colonies in the third quadrant of the agar surface (this technique yielded the best reproducibility : Miller, 1982) and was suspended in 30 pl distilled water. An aliquot (25 pl) was transferred to a ZnSe (zinc-selenite) optical plate and dried under moderate vacuum between 2.5 and 7.5 kPa to a transparent film suitable for absorbance/transmission FT-IR measurements. All spectra were recorded between 4000 cm-' and 500 cm-I (wavenumbers) on an IFS-48 FT-IR spectrometer (Bruker) equipped with an MCT (mercurycadmium-telluride) detector by co-addition and averaging 256 scans. Spectral resolution was 8 cm-I . Data point resolution was approximately 1 point per wavenumber. The digitized spectra were stored on an auxiliary Aspect 1000 computer (Bruker) and were then transferred to a MicroVAX workstation 2000 computer (Digital Equipment) for further evaluation. To minimize problems arising from unavoidable base-line shifts and to enhance the resolution of superimposed bands, the smoothed first or second derivatives of the original spectra were calculated using a Savitzky-Golay algorithm (Savitzky & Golay, 1964) .
Spectral windows.
A preselection of five spectral windows was done considering their specific information content and their discrimination power (Naumann et al., 1990): (1) the window between 3000 and 2800 cm-I (W,; the 'fatty acid region I*), dominated by the -CH3, >CH, and =CH stretching vibrations of the functional groups usually present in the fatty acid components of the various membrane amphiphiles;
(2) the window between 1800 and 1500cm-I (W2; the 'amide region'), dominated by the amide I and amide I1 bands of proteins and peptides ; (3) the window between 1500 and 1200cm-I (W3; the 'mixed region'), a spectral region containing information from proteins, fatty acids and phosphate-carrying compounds ;
(4) the window between 1500 and 1400 cm-I (W31 ; the 'fatty acid region II'), a subrange of W,, dominated by the -CH3 and >CH2
bending vibrations of the same functional groups as expressed in W ; ( 5 ) the window between 1200 and 900 cm-I (W4; the 'polysaccharide region'), dominated by the fingerprint-like absorption bands of the carbohydrates present within the cell wall : and (6) the window between 900 and 700cm-I (W5; the 'true fingerprint') showing some remarkably specific spectral patterns, which are as yet unassigned to cellular components or to functional groups.
Parameterization of the spectral data. Since bacterial FT-IR spectra are fingerprint-like patterns which result from the superimposed absorbance bands of all constituents of the cell, and since there are no simple or a priori correlations between number, frequency, width and intensity of FT-IR peaks of a given biological compound and its microbiological significance, the elaboration of classifications on the basis of FT-IR spectra required parameterization of the spectral data. The appropriate grouping of bacterial spectra into clusters was achieved by systematically varying some parameters prior to cluster analysis. These parameters concerned the filtering of the spectra (first or second derivative), the selection and combination of certain spectral windows and their weighting. The weighting factors were intended to account for the specific contributions of some cellular compounds, e.g. fatty acids of the membrane or polysaccharides of the cell wall.
According to the principles of the means-ends analysis of heuristic (Newel1 & Simon, 1972) , the parameters were systematically varied until the resulting classification agreed, by and large, with the desired classification which can be related to microbiological data.
Spectral similarity and cluster analysis. We used Pearson's product moment correlation coefficient as a measure of similarity between bacterial IR spectra (Shaps & Sprouse, 1980) . According to equation (1) the correlation coefficients were transformed to the so-called d-values or spectral distances (a measure of dissimilarity), which theoretically may adopt values between 0 and 2000 (Naumann, 1985) . A spectral distance value between zero and 10 can be taken as an indication of identical or indistinguishable spectra, because spectra of one and the same strain, independently and repeatedly recorded over long periods of time using different batches of the same type of growth medium, typically showed mean distance values near 10 (Naumann et al., 1990) . Since the spectra were subdivided into several spectral windows, the similarity between two spectra was calculated as a linear weighted combination of the single similarities giving the mean or overall spectral similarity. The single similarities were transformed to a uniform scaling level, multiplied by the weights, co-added and divided by the sum of the weights.
For clustering, either UPGMA or Ward's algorithm was used. The only difference between the two methods is the way in which the distances between clusters are calculated following every fusion cycle (Spath, 1980) . In UPGMA the distance is calculated as the unweighted average of the old distance values. In contrast, Ward's algorithm fuses those two clusters which yield the least increase of variance (heterogeneity) or error sum of squares within the new cluster and, therefore, will construct the most homogeneous groups. The variance or error sum of squares is calculated as the sum of the squared distances from each member of the cluster to the centre of the cluster (Ward, 1963) .
All computations were performed on a MicroVAX workstation 2000 computer.
Results
For most of the taxa studied here, Ward's algorithm and UPGMA yielded similar results. However Ward's algorithm led to a clearer separation of the clusters by the minimization of the within-group variance. In some cases, the clusters achieved by Ward's algorithm were in better agreement with conventional classification schemes.
The results of cluster analyses are depicted in the form of dendrograms. In all cases, the left vertical axis of these dendrograms shows the fusion levels. In the case of UPGMA the left vertical axis is scaled by the 'spectral distance', and the right one by the 'similarity ratio', expressed in percent. However, in the case of Ward's algorithm the fusion levels are no longer spectral distances but depict increasing variance or heterogeneity. The magnitude of this heterogeneity depends to a large extent on the number of spectra in a cluster and the similarity between them. Therefore, only the dendrograms achieved by UPGMA are directly comparable to each other.
FT-IR grouping according to the correct genus and ident$cation of unknown spectra
A data set of 39 spectra representing selected species of the genera Staphylococcus, Streptococcus and Clostridium was analysed (Fig. 1) . Both Ward's algorithm and UPGMA yielded very similar results. All of the staphylococci tested formed a dense cluster which was subdivided into two subclusters containing the coagulase-positive and the coagulase-negative strains, respectively. Staph. hyicus was located in the coagulase-positive subcluster as expected, but was well separated from the Staph. aureus strains. Within the coagulase-negative subcluster, Staph. epidermidis and Staph. saprophyticuslxylosus strains were clearly separated at the 94% similarity level. Species clusters were formed for Staph. aureus and Staph. saprophyticuslxylosus at similarity levels of 97.1 % and 95.6%, respectively. Interestingly, FT-IR did not differentiate between strains of Staph. saprophyticus and Staph. xylosus. These were originally described as a single species and show DNA-DNA binding of about 70 % under optimal reassociation conditions (Kloos & Schleifer, 1984) . The two spectra of Staph. epidermidis DSM 20044T, from bacteria grown on different media (Columbia blood agar and peptone agar, respectively), fused at a similarity level of 96.8% and were separated from Staph. epidermidis DSM 20042 and DSM 1798. The pairs of spectra of Staph. hyicus DSM 20459T, Staph. aureus DSM 20231T and Staph. xylosus DSM 20266T cultured on peptone agar and Columbia blood agar showed fusion levels of 98.4%, 99.1 % and 97.2% spectral similarity, respectively. Thus, growth on different media only slightly decreased the spectral similarity, since the typical value for repetitively measured spectra of a given strain grown on the same medium is 99% (Naumann et al., 1990) .
The streptococcal strains formed a denser genus cluster (95.2% similarity) than the staphylococcal strains (91.5 % similarity). Species clusters could be observed for Strep. faecalis, Strep. faecium and Strep. pyogenes at similarity ratios of 98-7%, 98.5 % and 98.3 %, respectively. However, in spite of their taxonomic affiliation to cocci and to rods respectively, the genera Streptococcus and Clostridium could not be completely separated into two distinct genus clusters. Moreover, the relatedness between C. innocuum and Streptococcus was closer (about 94%) than that between coagulase-positive and -negative staphylococci (about 92% similarity level). This is due to the fact that the classification schemes discussed in this study are based on spectral similarity alone and are influenced by the selected spectral windows.
To decide whether spectra of unknown bacteria would be identified when included in the analysis, 60 clinical isolates were tested. The first isolate ('unknown 1') was located in the Staph. aureus subcluster and was most closely related to Staph. aureus ATCC 6538 (99.1% similarity). Another sample ('unknown 2') was found to belong to the Strep. faecium subcluster (98.9 % similarity).
In this way all 60 clinical isolates (36 staphylococci and 24 streptococci) were tested. All were correctly assigned to their respective species cluster at an average similarity ratio of 98.4% 0.9% (Tables 1 and 2) . 
Class$cation of Clostridiurn tetanornorphurn and C. cochleariurn strains
The classification of 12 spectra of different strains of the genus Clostridiurn yielded clusters that clearly correlated with the existing classification (Fig. 2) . Species clusters were formed at different similarity levels for C. sporogenes (94.573, C. cochleariurn (96.9%), C . lirnosurn (98.0%), C. innocuurn (98.6%) and C. tetanornorphurn (93.2%). Two single isolates affiliated to C . novyi and C . septicum, respectively, remained unclustered and well separated from the other species.
Furthermore, two isolates (strains 1 and 2), originally identified as C . cochleariurn, were shown to be more closely related to C. tetanornorphurn than to the C. cochleariurn stock strains. The taxonomic status of C . tetanornorphum was considered to be doubtful, since the type strain did not exhibit the characteristics originally described for this species (Cato et al., 1986) . Recently published data showed that the DNA-DNA homology values between C. cochlearium and C. tetanornorphurn were only 10-19%. On the basis of these results the classification of C. tetanornorphum as a valid species was suggested by the authors (Wilde et al., 1989) . Obviously, our FT-IR classification performed independently on a selection of the same stock strains and the same isolates of clostridia lends support to the suggestion that C. cochleariurn and C. tetanornorphurn represent two distinctly separated species clusters.
FT-IR grouping of Legionella strains according to the production of poly-/I-hydroxyfatty acids
Fifty strains, either clinical isolates or stock strains, belonging to the genus Legionella were cultured on CYE agar plates at 37 "C for 5 d prior to measurements and analysis (Fig. 3) . Visual examination of the spectra suggested the existence of two different types of Legionella spectra, with or without a number of strong extra bands in the range 1800-800 cm-'. In particular, the spectral range between 1200 and 900 cm-I, being typical for different Legionella strains (Horbach et al., 1988) , was remarkably variable. Application of FT-IR subtraction techniques and comparison with literature data (Haynes et al., 1958; Rouf & Stokes, 1962) proved these features to be caused by a poly-P-hydroxyfatty acid (PHFA). Fig. 4(a) shows spectra measured from two Legionella pneurnophila serogroup 4 isolates which differed solely in their ability to produce this compound. Fig. 4(b) shows the difference spectrum obtained by digital subtraction techniques (spectrum 1 minus spectrum 2). This difference spectrum exhibits the typical absorption features of a polyester-like compound and shows remarkable similarity to that of poly-P-hydroxybutyric acid isolated from Bacillus megateriurn and Sphaerotilus natans strains (Rouf & Stokes, 1962) .
The PHFA-like storage material was produced in considerable but varying amounts by some of the Legionella strains. Both cluster algorithms clearly separated the PHFA producers from the non-producers at a similarity ratio of about 63%. Furthermore, the PHFA cluster was subdivided according to the degree of PHFA production. Thus, because of the large amount of PHFA produced by these three strains the L. pneurnophila Rotterdam 29 isolate was located closer to L . rubrilucens ATCC 35304T and L. feeleii 691-WI-H than to other PHFA-producing L. pneumophila strains. All nonproducing L . pneurnophila strains, with the exception of serogroup 1 strain Philadelphia, were located in a dense subcluster of about 91% similarity ratio (Fig. 3) . Different spectral windows emphasize different aspects of a given data set, as different binary coefficients (simple matching coefficient, Jaccard's coefficient, etc.) do in numerical taxonomy (Sneath, 1984) . Therefore, it is obvious that one cannot define a 'correct' combination of spectral windows suitable for any problem. For example, the grouping of the Legionella strains shown in Fig. 3 in relation to the PHFA production could also be achieved in accordance to the correct species level using other spectral windows (unpublished results; see also Horbach et al., 1988).
Grouping bacteria according to the presence of an outer membrane
A data set of 139 different spectra comprising stock strains as well as clinical isolates affiliated to the genera Staphylococcus, Streptococcus, Clostridiurn, Aeromonas, Pseudomonas and Legionella, and to the family Enterobacteriaceae, was investigated (Fig. 5) . The specimens used for this analysis are listed in Table 3 . The spectra were grouped primarily according to the presence of an outer membrane (to obtain a separation which corresponds to the Gram stain reaction) and secondarily according to the genera. Thus, those spectral ranges which are mainly dominated by the fatty acid chains of the membrane amphiphiles were given priority. Ward's method formed two major clusters, which exclusively contained the Gram-positive and Gram-negative strains, respectively. There were four main subclusters, which were mainly associated with the genera under study, giving a total of seven groups or spectral types by further division of the Staphylococcus and Clostridium cluster. The first cluster ('STAPH.' in Fig. 5 ) assembled the 29 staphylococcal strains and was subdivided into three subclusters which showed variances of 107, 70 and 93, respectively. All 13 streptococci were located within the second cluster ('STREP.' in Fig. 5) , which also contained the two Clostridium innocuum isolates. The Streptococcus cluster was more homogeneous (variance of 181) than the Staphylococcus cluster (variance of 307). This was not only caused by the larger number of spectra but also by the greater diversity in the staphylococcal spectra. The third cluster ('CLOST.' in Fig. 5 ) was formed by all Clostridium strains with the exception of the C. innocuum and C. bifermentans isolates. C . cochlearium and C. tetanomorphum spectra were also separated (cf. Fig. 2 ). According to the lowest similarity, the last fusion within the Clostridium cluster occurred at a variance of 284. The two C. bifermentans isolates formed a distinct cluster Fig. 3 . Classification scheme for some specimens of the genus Legionella. Cluster analysis was performed using the first derivatives of the spectra considering the spectral range (window) 1200-900 cm-1 and applying the average linkage (UPGMA). 
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Wavenumber (cm-') which was clearly separated from all other spectra within the Gram-positive major cluster. Furthermore, UPGMA separated C. bifermentans from all other Gram-positive and Gram-negative bacteria (data not shown). Comparison with IR spectra of Bacillus megaterium (Norris & Greenstreet, 1958) suggested the formation of endospores by C. bifermentans under our culture conditions. At a variance of 2336, all clusters containing Grampositive bacteria were fused. Thus, the Gram-positive strains composed a less dense cluster than the Gramnegative bacteria, which showed more homogeneity (Fig. 5) . The Gram-negative major cluster was subdivided into four subclusters, corresponding to the taxa Aeromonasl Pseudomonas, Legionella, Salmonella and other Enterobacteriaceae, respectively. The first subcluster ('PSEUDO.' Table 3 . Cluster analysis was performed using the first derivatives of the spectra considering the spectral ranges (windows) 3000-2800 cm-I, 1500-1400 cm-' and 1200-900 cm-I . All three ranges were equally weighted. Ward's algorithm was applied. Table 3 . List of the specimens displayed in Fig. 5 The order of this list corresponds to the order in the dendrogram; the first name is the leftmost element in Fig. 5 and the last name is the rightmost one. Repetitively measured spectra of some specimens have been included for control purposes. (The names of the clusters refer to Fig. 5 79. The Enterobacteriaceae and the AeromonaslPseudomonas clusters were fused at 294. The third Gramnegative sub-cluster ('LEGIO.' in Fig. 5 ) assembled all 23 Legionella strains within this analysis at a fusion level of 380. Further subdivision of the Legionella cluster yielded three subclusters with variances of 152, 107 and 83, respectively. The first of these contained six specimens producing large amounts of a polyester compound (probably a PHFA); the second exclusively contained two L. maceachernii strains and two L . pneumophila strains. All remaining Legionella strains were located in the last subcluster. For control purposes, five of the spectra were replicate measurements. Three of these replicates (L. feeleii ATCC 35072T, L. micdadei Tatlock and L. maceachernii ATCC 35300T) were grouped in such a way that they were most related to each other; L. cherrii ATCC 35252T and L. steigerwaltii ATCC 35302T were recovered in the same subcluster (cf. Fig. 5 and list of the specimens in Table 3 ). At a variance of 745 the Legionella and the PseudomonaslEnterobacteriaceae group were fused. The fourth Gram-negative subcluster, which was well separated from all other Gram-negative clusters, contained only the Salmonella dublin, S . arizonae and S . typhimurium isolates.
Grouping of Escherichia coli isolates according to their 0-antigenic structure
The purpose of this analysis was to group 23 spectra of E. coli isolates according to their 0-antigenic properties. 0-antigens were determined by serological and LPS-gel electrophoresis techniques (Beutin et al., 1990) . Since it was expected that differences in 0-specific side chains of LPS would primarily be expressed in that spectral range where the polysaccharides dominate the observed spectral features, only the range between 1200 and 700 cm-' was used for this cluster analysis. Using Ward's algorithm three distinct clusters were obtained, containing the 018,025 and 0 1 14 strains, respectively (Fig. 6 ). UPGMA formed four distinct clusters in such a way that the 018 and the 025 cluster were more closely related (95.7% similarity) than the two 0114 clusters (94.8 % similarity) (data not shown).
Discussion
FT-IR spectroscopy can classify bacteria at different levels of taxonomic discrimination without any preselection of strains by other taxonomic criteria. In contrast to one-dimensional polyacrylamide gel electrophoresis (PAGE) and DNA-DNA hybridization (Jackman, 1987) , FT-IR is useful at the serogroup (Fig. 6) , species (Figs 1, 2) and genus level (Figs 1, 5 ). Data acquisition is faster than in PAGE and other techniques: with our present operating conditions, which are not yet optimal, recording of 100 spectra, transfer of data to the computer, data evaluation and cluster analysis can all be performed within 2 d. Preparation is simple and quick, since only 10-60 pg of biomass is required and no cell breakage and purification steps are involved. In contrast to classical tests and chemotaxonomy, FT-IR can be applied to all groups of bacteria. Patterns obtained by FT-IR are related to all cell constituents rather than to a single class of compounds as in e.g. PAGE.
We consider FT-IR spectroscopy and cluster analysis of bacterial cells to be a promising tool not only for identification and classification purposes based upon bacterial IR spectra alone, but also as an additional aid to support conventional methods for clarifying relationships, especially within poorly classified taxa. FT-IR can also reveal structures not detectable at once by other methods, e.g. the production of a storage compound by some Legioneffa strains. Bacterial FT-IR spectra display the entire chemical composition of the cell and, therefore, spectroscopic characterization of bacteria has to place reliance on a multitude of characters. Naturally, the taxonomic importance of a cellular component must not be directly correlated with the magnitude of its spectral expression. Certain cellular compounds like, for example, PHFA, may strongly influence the spectrum. Therefore, like other accepted and useful classification schemes, the data elaborated by FT-IR spectroscopy cannot per se reveal the natural order or even the phylogenetic relationships within a taxon. However, since all chemical compounds of the bacterial cell are an expression of a smaller or greater part of the genome, the spectra show in some way a phenetic and a genetic fingerprint of the strain under study.
It can be shown that selection of spectral ranges (windows) and specific parameterization of the data prior to cluster analysis enables the elaboration of classification schemes which are similar to those achieved by conventional methods. Classifications obtained by our method have proved to be practically sound, because clinical isolates can be securely assigned to the correct species cluster when they are included in an established cluster analysis. FT-IR spectroscopy can also shed light on the crucial problems arising with the classification of poorly classified taxa, such as Cfostridium tetanomorphum, where our results support biochemical and microbiological findings. Furthermore, FT-IR spectroscopy allows the rapid and time-saving determination of some particular microbiological features such as PHFA production, 0-antigenic properties and the existence of an outer membrane, which is correlated with the Gram staining reaction.
